Abstract. The hypothesis of the present study is that active immunization of cows against inhibin would neutralize endogenous inhibin, increase circulating levels of follicle stimulating hormone, and subsequently affect follicular dynamics and the ovulation rate during the estrous cycle. Thirteen cows were immunized against inhibin α-subunit and, 6 cows were immunized with a placebo. Both groups were given 4 booster immunizations 7, 14, 21, and 34 weeks after the primary injection. Ovaries were examined daily after the 2nd, 3rd, and 4th booster immunizations by transrectal ultrasonography for 25 days. After the 4th booster immunization, blood samples were collected daily for one complete estrous cycle to measure FSH and LH. The results showed that the immunized cows generated antibodies against inhibin, and that they had higher FSH levels compared with the controls. The number of follicular waves during the estrous cycle was higher in the immunized cows (3 or 4 waves) than in the controls (2 or 3 waves). Moreover, the immunized cows had a greater number of follicles during the estrous cycle compared with the control cows. The maximum number of follicles was 14.8 ± 1.7 vs 5.4 ± 0.2 in inhibin-immunized and control cows, respectively, during the first follicular wave and 13.9 ± 1.9 vs 5.6 ± 0.7, respectively, during the ovulatory wave. Multiple ovulations were increased in the immunized cows. However, the ovulation rate varied greatly in the immunized animals. In conclusion, immunization against inhibin increased FSH secretions during the estrous cycle in the cows. Moreover, the immunized cows had a greater number of follicular waves during the estrous cycle and a greater number of follicles, and this could be used as a potential source of oocytes for use in IVF/embryo transfer programs.
the estrous cycle is associated with increases in c i r c u l a t i n g F S H c o n c e n t r a t i o n s [ 3 , 4 ] . Understanding the factors that control ovarian folliculogenesis could lead to development of more precise methods of controlling reproductive cycles in livestock [5] .
The FSH surge and the resulting follicular wave that develops at the start of the estrous cycle are termed as the first surge and the first wave. When the largest follicle of a wave reaches a mean diameter of 8.5 mm, the follicles begin to deviate in diameter into a single dominant follicle and several subordinate follicles [6] . The FSH concentrations continue to decrease for approximately 1 day after the start of deviation in follicle diameter. The decrease in FSH concentrations after deviation in follicular diameter apparently assures continued FSH deprivation of the subordinate follicles. In addition, the low FSH concentrations may delay the emergence of the next follicular wave. The depression of circulating FSH during this time has been attributed to the secretion of inhibin and estradiol by the dominant follicle of the wave [4, 6, 7] . Administration of FSH can be expected to shorten the interval between the 1st and 2nd follicular waves. In one study, an FSH-rich pituitary extract administered 5 days after ovulation shortened the interval from treatment to the emergence of the 2nd follicular wave [8] . Also, administration of recombinant bovine FSH reduced the interval to the 2nd follicular wave in cows [9] .
Active immunization against inhibin neutralized endogenous inhibin and increased the ovulation rate in several mammalian species, including sheep [10, 11] , gilts [12] , goats [13] , and cows [14] [15] [16] . However, the effect of active immunization against inhibin on follicular waves in cows still lacking. Therefore, the aim of the present study was to determine the effect of active immunization against i n h i b i n o n t h e f o l l i c u l a r d y n a m i c s a n d gonadotropin secretions in cows.
Materials and Methods

Animals and blood samplings
The present study was carried out using 19 Holstein heifers (16-20 mo old, weighing 402.0 ± 4.6 kg). Thirteen animals were immunized against inhibin, and 6 animals were used as controls.
Blood samples were collected every two weeks during the experimental period to measure inhibin antibody titers. Additional daily blood samples were collected from four immunized and 6 control animals for one complete estrous cycle after the 4th booster immunization to measure FSH and LH. To detect the LH surge, blood samples were collected every 3 h from the start of estrus (0 h) to 87 h after.
Preparation of the immunogen (inhibin vaccine)
Inhibin vaccine was obtained by conjugating rabbit serum albumin (RSA) to a polypeptide synthesized by copying the amino acid sequence from the 1 to 26 (numbering from the N-terminal end) positions of the α-subunit of porcine inhibin (Institute of Peptide Research, Osaka, Japan). In the inhibin-immunized group, primary injection of the vaccine was carried out as follows: a mixture of 1 mg of the conjugated peptide (corresponding to a fragment of inhibin) and complete Freund's a d j u v a n t w a s i n j e c t e d i n t o t h e a n i m a l s subcutaneously in 3 to 4 places. Four booster injections (half the amount of the primary injection) were given 49 days (the 1st), 98 days (the 2nd), 147 days (the 3rd), and 238 days (the 4th) after the primary injection. In the control group, the animals were injected in the same way with RSA in complete Freund's adjuvant.
Ultrasound examinations
Seven or 8 days after estrus, the ovulation rate was confirmed using 10 immunized animals by transrectal ultrasonography (by counting the corpora lutea) for 2 cycles before immunization and 8 cycles after immunization. After the 2nd, 3rd, and 4th booster immunization, ovaries were monitored daily for 25 days to monitor follicular dynamics during the estrous cycle. Estrous cycles were synchronized using prostaglandin F2α (500 µg per animal, im) at the 2nd, 3rd and 4th booster immunizations.
Transrectal ultrasound examination was carried out using an ultrasound scanner (SSD-650CL, Aloka, Tokyo, Japan) equipped with a 5 MHz transducer, as described previously [17] .
Assessment of inhibin antibody titers
Changes in inhibin binding activity in plasma were determined by measuring the binding of 125 Ilabeled inhibin (5000 cpm), as reproted previously [18] . Plasma samples were diluted 1:50 with PBS containing 5% BSA. PBS (100 µL) was added to each aliquot (100 µL) of diluted plasma and incubated for 24 h at 37 C with 125 I-labeled bovine 32-kDa inhibin. Bound tracer was then separated by adding 100 µL PBS containing 1% bovine gamma globulin and 500 µL PBS containing 25% polyethylene glycol (Mwt, 6000), mixing for 3 min, and centrifugation at 1200 g for 30 min at 4 C. Then the radioactivity in the precipitate was counted. Inhibin-binding activity was expressed as a percentage of the sum of the total counts.
Hormone analysis
Plasma concentrations of FSH were measured by radioimmunoassay (RIA) using anti-bovine FSH β-subunit serum (UCB Bioproducts, Braine_l'Alleud, Belgium) and USDA-FSH-BP3 for radioiodination. Results are expressed in terms of USDA-FSH-B1. Plasma concentrations of LH were measured by RIA using antiovine LH (YM 18), USDA-bLH-I-1 for radioiodination, and USDA-bLH-B-5 as a reference standard. The sensitivities of the assay were 1 ng/tube for FSH and 0.02 ng/tube for LH, respectively. The intra-and interassay coefficients of variation were 5.5 and 9.9% for FSH, and 5.9 and 11.5% for LH, respectively.
Statistical analysis
Data are expressed as means ± SEM. Repeatedmeasures ANOVA followed by Bonferroni test was used to examine the effect of inhibin immunization on hormonal concentrations. Student's t-test was used to compare between the inhibin-immunized and control groups for the number and diameter of follicles. A probability value (P) of less than 0.05 was considered significant. All statistical analyses were performed using the SAS software package [19] .
Results
Plasma anti-inhibin titers
The time course of antibody development in the immunized cows as determined by binding of the 125 I-labeled bovine inhibin is shown in Fig. 1 . Antibodies that bound 125 I-labeled bovine inhibin were produced by all cows receiving the inhibin vaccine. Titers rose after the 2nd booster injection in the immunized cows. In contrast, antibody titers in the control group remained the same as before immunization.
Plasma concentrations of FSH and LH
Plasma concentrations of FSH and LH in the inhibin-immunized and control cows during the estrous cycle after the 4th booster immunization are shown in Figs. 2 a and b. There was a significant (P<0.01) increase in the plasma concentration of FSH during most days of the estrous cycle in the inhibin-immunized cows (Fig. 2a) . On the other hand, the plasma concentrations of LH did not differ significantly between the inhibin-immunized and control cows (Fig. 2b) .
Effect of immunization against inhibin on follicular dynamics, number of follicles and ovulation rate in cows
As shown in Table 1 , the immunized cows had 3 or 4 waves of follicular development during the estrous cycle, while the control cows had 2 or 3 waves. Moreover, the immunized cows had a significantly greater number of follicles during each follicular wave ( Table 2 ). The maximum number of follicles was 14.8 ± 1.7 and 5.4 ± 0.2 in the inhibinimmunized and control cows, respectively, during the first follicular wave and 13.9 ± 1.9 and 5.6 ± 0.7, respectively, during the ovulatory wave. There was a non-significant increase in the diameter of dominant follicles in the immunized cows compared with the control cows ( Table 3) .
The number of multiple ovulations in cows before and after immunization against inhibin is shown in Table 4 . Multiple ovulations increased after inhibin immunization, however, the ovulation rate was highly variable between individuals. 
Discussion
Ovarian superstimulation is induced primarily in donor cows for embryo transfer or for oocyte collection and in vitro embryo production. The goal of superstimulatory treatment is to induce growth of multiple follicles to produce multiple competent oocytes capable of developing into transferable embryos. The present study demonstrated that immunization against inhibin stimulated FSH secretion and ovarian activity in cows. Antibodies against inhibin rose in the inhibin-immunized group after the 2nd booster immunization, confirming that the increased FSH secretion and ovulation rate after immunization against inhibin α-subunit was due to immunoneutralization of endogenous inhibin. Increased plasma levels of FSH in the immunized group were in agreement with those reported previously in cows [16, 20] , ewes [10, 21] and goats [13] . Immunoneutralization of endogenous inhibin was thought to result in diminished negative feedback on the anterior pituitary gland resulting in increased FSH secretion, subsequently, increased follicular development, and finally increased ovulation rate. On the other hand, there was no marked change in the LH profile between the immunized and control animals. The stimulation of ovarian activity could be attributed to the stimulatory effect of inhibin immunoeu tralization on the ovary, either endocrinologically by removing the inhibitory effect of inhibin on FSH secretion [16, 20, 22] or locally through a paracrine effect [23, 24] , that ultimately enhances ovarian follicular development and increases the number of growing follicles. Previous studies reported that follicular development during the estrous cycles of cows occurs in waves. It has also been stated that 2 or 3 follicular waves occur during the estrous cycle [1, 4, [25] [26] [27] [28] . Transient increases in the concentrations of circulating FSH have been found to be responsible for eliciting periodic emergence of follicular waves [3, 4, 29, 30] . The results of one study led the authors to hypothesize that superstimulatory gonadotropin treatments rescue follicles of an existing wave from atresia rather than recruit new follicles into the wave [29] . In this regard, initial findings from separate and independent studies suggest a link between the variability in the number of follicles present at the time of wave e m e r g e n c e a n d t h e r e s p o n s i v e n e s s t o superstimulatory treatment [31] [32] [33] . However, a recent study in sheep [34] showed that creation of physiological peaks of serum FSH concentrations every 2 to 2.5 days stimulated emergence of additional follicular waves. In the present study, the length of the estrous cycle was similar in the immunized and control cows. However, the inhibin-immunized cows had a greater number of follicular waves during the estrous cycle and also a greater number of follicles during each follicular wave. This could be attributed to the increased FSH concentrations in the inhibin-immunized cows or to a paracrine effect. The control heifers had 2 or 3 follicular waves for each interovulatory interval, which is consistent with previous studies [4, 35] . Immunization against inhibin increased the mean number of waves to 3 or 4 follicular waves during the interovulatory interval. An increase in the number of waves can be expected when the emergence of one of the waves is hastened, as shown by cauterization of the dominant follicle of the first wave [36] . Each major wave was associated with a prominent FSH surge, as reported p r e v i o u s l y [ 3 , 4 ] . I n t h e p r e s e n t s t u d y , Immunization against inhibin increased multiple ovulations in the present study. However, there was a high variability between individuals. The recorded variability in the ovulation rate in the present study is in agreement with previous studies t h a t f o u n d e x t r e m e v a r i a b i l i t y i n t h e superstimulatory response of cattle [37, 38] .
In conclusion, the present study showed that active immunization against inhibin α-subunit increased the number of follicular waves and the number of follicles during the estrous cycle in heifers. In addition, the number of multiple ovulations increased in the actively immunized heifers. Therefore, immunization of heifers against inhibin could be a practical method for increasing the number of follicles, which is necessary for oocyte collection and in vitro embryo production.
